An extinction-based compact InGaAsP/InP waveguide variable optical attenuator (VOA) with electrically modulated bend loss is demonstrated. Injection of carriers is utilized to modify the effective index of the waveguide bent section. The p-i-n semiconductor waveguide layer structure is discussed. Signal propagation at multiple bias conditions is simulated and the attenuator performance is calculated and compared to that of a straight waveguide attenuator. The device exhibits attenuation better than 15 dB for both TE and TM polarizations. 3-dB attenuation is achieved at an applied current of ~ 12 mA which is less than half the current required by a comparable straight waveguide attenuator.
I. INTRODUCTION
Uses of optical attenuators in optical networks is widespread, such as reducing power output from an optoelectronic source, inline with amplifiers or add/drop multiplexers for channel equalization and at the detector as termination points [1] . According to requirements of present and future optical networks the desirable features of an optical attenuator are fast response, low power consumption, good reliability and easy integration with other optical components on the same chip. Waveguide attenuators can be implemented using either extinction of optical signal or optical path switching, such as an asymmetric Y-branch switch [2] . Extinctionbased attenuators are generally straight or bent waveguides, and the optical signal is attenuated through absorption [3] or radiation loss due to reduced confinement [4] . Attenuators based on extinction are generally more compact than those based on switching and can make use of existing connection waveguides in a planar lightwave circuit (PLC). Straight or bent waveguide attenuators have been proposed and successfully commercialized in polymer materials [5, 6] with actuation by the thermooptic effect. However, polymers are sensitive to heat, optical power, and are often birefringent. They exhibit very slow speed on the order of milliseconds [7] as their measured response times for thermo-optic actuation are long. Fabrication on III-V semiconductor allows waveguide attenuators to be integrated into PLCs and even incorporated into existing connection waveguides [8] . Potential actuation mechanisms in semiconductors include carrier injection, electroabsorption [3] , and semiconductor optical amplifier (SOA) based modulation [9] . A preference for polarization and wavelength independence make electro-optic effect and SOA devices unattractive. Carrier injection is much faster than the thermo-optic effect and also wavelength and polarization insensitive. A straight waveguide modulator has been implemented in silicon using carrier injection to suppress the refractive index and modulate by "waveguide-vanishing" [4] . In polymers, several bent waveguide thermo-optic designs have been proposed that enhance modulation by adding bend loss [7, 10] . We propose that the introduction of a simple bend in a waveguide carrier injection modulator implemented in semiconductor will similarly enhance attenuation and reduce actuation power.
II. DEVICE DESCRIPTION
The proposed bend loss attenuator consists of a straight waveguide section at the input followed by an S-bend leading to a straight output section. The S-bend is made from the intersection of arcs of two identical circular waveguides with radii 32 mm and width 5 µm with a total length of 2 mm. An electrode is placed over an 800 µm part of the S-bend section as shown in Fig. 1 . Note that the electrodes are only in electrical contact with the device where they overlap the waveguide ridges in the Sbend. The layer structure is an InP/InGaAsP/InP p-i-n waveguide heterostructure grown on an n + -type InP substrate. Layers doping and dimensions are optimized by iterative calculations to assure single mode operation of the waveguide forming the optical attenuator. The layer structure consists of a 700 nm n-type InP buffer (Si-doped at 5e18 cm -3 ). The ridge waveguides were defined by a 5 µm wide ridge with a 600 nm etch-depth as shown in Fig. 2 .
III. Theory of operation
Vertical confinement of the light in the core layer is provided by the refractive index contrast between the high-index core and the lower-index cladding layers. Lateral confinement is provided by the effective index contrast between the ridge waveguide and its adjacent waveguide regions. Under forward bias, carriers are injected into the core causing a refractive index change resulting from the combination of plasma effect, bandfilling effect and bandgap shrinkage effect, the non-linear relation between the injected carrier's concentration and the refractive index change implies proper choice of operating conditions to achieve the required index change [11] . Beam propagation method (BPM) is used to simulate wave propagation in the optical attenuator. With no bias applied to the electrodes, the input optical power is guided to the output port with low propagation loss due to the large radius of curvature of the Sbend as shown in Fig. 3a . Forward biasing the attenuator with proper operating conditions causes a negative refractive index change of the core layer [12] which in turn reduces the effective index of the biased waveguide section. Optical confinement of the waveguide mode is therefore reduced allowing control of the optical attenuation in the waveguide bend. Scattered optical power through the forward biased device is shown in Fig. 3b . When the induced index change ∆n is equal to the difference in effective index between the ridge waveguide and the adjacent slab waveguide region, the optical field will no longer see a waveguide and attenuation is at its maximum.
IV. SIMULATION RESULTS
Using the effective index method the bend loss attenuator performance is simulated with two dimensional BPM calculations. The effective index beneath the electrode is varied in steps of ∆n = -.001. Fig. 4 . shows the calculated optical power at the output port versus effective index change of the attenuator with an electrode length of 800 µm in comparison with a straight waveguide attenuator of the same overall length and same electrode length. A maximum value of ∆n was chosen to be -0.007 which is equal to the difference in effective index between the ridge waveguide and the adjacent slab waveguide region. At that value of ∆n there is no lateral optical confinement and light is scattered along the core layer of the chip. The presence of the bend in the device increases the attenuation by up to 5 dB compared to the straight waveguide attenuator for the same induced effective index change.
V. EXPERIMENTAL RESULTS

Metal-oxide chemical vapor deposition technique is used to grow the wafers.
Chemically-Assisted-Ion-Beam-Etching (CAIBE) defined the ridge-waveguide on the Optical characterization of the VOA comprised coupling light from a broadband erbium doped fiber amplifier source (λ=1530-1560 nm) into the devices and collecting the output with a tapered fiber. The current is ramped from zero to 250 mA over several hundred nanoseconds, and the transmitted optical power is acquired using a fast photodetector and an oscilloscope. Experimental measurements of the attenuation versus applied current for bent and straight waveguide devices are shown in Fig. 5 . As with the BPM simulations, the presence of the bend in the device increased the attenuation by about 5 dB for the same applied current. An effective index modulation of -0.007 in the InGaAsP core corresponds to an applied current of about 0.055 A [12] , so figures 4 and 5 can be directly compared. Both theoretical and experimental results show increased attenuation for the bent attenuator design. At high currents, the maximum measured attenuation is limited to 15 dB, as seen in the inset of Fig. 5 . This saturation effect is due to light scattered in the biased section coupling back into the output waveguide port. By increasing the offset between the input and output waveguide ports this effect may be reduced, thus enhancing attenuation. An attenuator with a bend would require about half the current density for attenuation to 3 dB than a straight waveguide. To check polarization dependence both TE and TM modes are used in measurements for both straight and bent waveguides attenuators. It is clear that bent attenuators don't suffer from polarization dependence which is the main drawback of straight attenuators.
VI. SUMMARY
We have designed, fabricated and measured a bend loss attenuator actuated by carrier injection with significant improvements in performance over a straight waveguide attenuator. Attenuation of 3 dB is achieved by an actuation current of ~12 mA, which is less than half the current required by a comparable straight waveguide attenuator. The measured polarization dependence of the attenuation is also largely eliminated by the addition of the waveguide bend. 
